Effect of thermo-mechanical history during cooling from solution treatment temperature of 1300°C on the ductility at 800°C at a strain rate of N 10-3 s-1 of low carbon low alloy steels has been investigated by means of hot tensile test in relation to surface cracking of continuously cast (CC) slabs. The ductility of the specimens directly cooled to the deformation temperature is largely reduced by the slow strain rate deformation especially in Nb steels, since ductile intergranular fracture of austenite easily occurs because of the dynamic precipitation of carbonitrides such as NbC and/or A1N within the matrix as well as on the grain boundaries. By decreasing the cooling rate or by isothermal holding at around 1100°C, the ductility is significantly improved and the fracture mode changes into transgranular ductile, because the dynamic precipitation is much reduced by nucleation and coarsening of the precipitates in these processes. This, however, takes extremely long time to achieve the coarsening of the precipitates in conventional CC process, and is not practical. In order to accelerate this phenomenon, the effect of the prior deformation was examined, and the optimum conditions suitable for CC process were determined. In the case of continuous cooling, the predeformation larger than 5 % should be applied at temperatures around 1 050°C at strain rates larger than 10-2 s-1. The ductility of the specimens predeformed at lower temperatures can also be improved by employing the subsequent reheating process. These results can be explained in terms of carbonitride precipitation behavior. It is quite djfficult to recrystallize coarse austenite such as that in as-cast steels, though the ductility improvement can be obtained by grain refinement due to recrystallization.
I. Introduction
Hot deformation of low carbon low alloy steels has been extensively studied in relation to surface cracking of the continuously cast (CC) slabs.l-11) It has been well established that ductility is largely reduced by slow strain rate deformation at temperatures from r/a duplex phase to lower temperature region of austenite with intergranular ductile mode of fracture.
The mechanism of surface cracking has been discussed in terms of the precipitation of carbonitrides,1-11) the precipitation of thin ferrite films on the r grain boundaries,3-s,s-11) and austenite grain growth during solidification and subsequent cooling processes. 1113)
(1) Ductility loss is caused by the dynamic precipitation of carbonitrides14) such as NbCe,7) and/or A1N9) both within the matrices and on the r grain boundaries, i.e., the strain concentrates within soft layers along the boundaries such as precipitation free zones (PFZ's) or grain boundary allotriomorphs of ferrite, resulting in the intergranular ductile fracture of austenite.
(2) Since the fracture occurs in intergranular mode, ductility depends largely on the r grain size , and the effect of carbon content on surface cracking sensitivity can be explained in terms of r grain growth behavior in the cooling process. 11, 12) However, it is still difficult to prevent surface cracking under the limited conditions of the casting machine and the chemical composition of steels . According to the mechanism described above , there is a possibility that the ductility is improved in the conventional casting process, if the dynamic precipitation of carbonitrides can be suppressed without chemical composition control. In fact , decreasing the cooling rate of slabs prior to the slow strain rate bending and/or unbending significantly reduces surface cracking because of coarsening of the carbonitride particles, as shown by Mintz and Arrowsmith in the plant experience.2) From the practical point of view, however, it is difficult to employ such slow cooling .
Thus, in the present study, a method of controlling the carbonitride morphology and its effect on hot ductility in low carbon low alloy steels have been investigated in order to serve a complete prevention against the surface cracking of the CC slabs.
II. Experimental Procedure
The chemical composition of the steels used is given in Table 1 . The ingots of 50 kg in weight were hot forged and rolled into 12 mm thick plates. From these plates tensile specimens were machined in the direction parallel to that of rolling . The gage diameter, gage length and the fillet radius were 8 , 20 and 8 mm, respectively. The specimens were heated at 1 300°C in an infrared image furnace attached to an Instron-type 2 t tensile machine . After keeping for 5 min, they were basically cooled to the deformation temperature of 800°C at a rate of 1 °C/s, kept for 1 min and then isothermally fractured at a strain rate (k) of 0.83 X 10-3 s-1. In addition, various heat or thermo-mechanical treatments were given during cooling from the solution treatment temperature to the final deformation temperature of 800°C, i.e., (i) isothermally holding at * ** *** Transactions ISIJ, Vol. 27, 1987 (223) given temperatures from 800 to 1 100°C for various time up to 2 h, (ii) predeformation up to 20 % at given temperatures from 900 to 1 200°C at strain rates from 10-3 to 10-i s-1 and subsequent cooling at 0.5°C/s down to deformation temperatures, and (iii) predeformation at 800 or 900°C in a similar fasion described in (ii) with isothermal holding at temperatures from 800 to 1 200°C for time up to 2 h. These tests were conducted in a flowing Ar gas atmosphere in order to suppress the oxidation of fracture surface. The tensile properties of the specimens predeformed were calculated using the cross sections before the final deformation assuming homogeneous deformation. Since the correction of strain rate required to compensate the increase of gage length by the predeformation was not made, the final strain rate of the predeformed specimens is slightly lower than that without predeformation, resulting in the decrease of ductility. [4] [5] [6] Fractographic and metallographic examinations were conducted by means of scanning electron (SEM), optical and transmission electron microscopies (TEM). Figure 1 shows the effects of thermo-mechanical histories on tensile properties of Steel B specimens fractured at 800°C at a strain rate of 0.83x 10-3 s-t. Ductility was considerably improved by holding at 1 100°C for time longer than 50 min (compare the results with that of the directly cooled specimens marked by *). On the contrary, the peak stress decreased with increasing holding time. These properties were not affected by holding at 800°C for 10 min prior to the holding at 1 100°C (marked by 0). It should also be noted that marked ductility improvement can be obtained by holding for 10 min at 1 100°C after 10 % predeformation at =1.6 x 10-2 s-1
III. Experimental Results

Tensile Properties
Effects of predeformation during cooling from the solution treatment temperature on ductility are given in Fig. 2 for various steels. The strain and strain rate of the predeformation were 20 % and 1.6x 10-2 s-t, respectively. In all the steels, significant improvement in ductility was recognized when the specimens were predeformed at temperatures above 1000°C. The optimum predeformation temperature for ductility improvement in Nb-free Al-killed Steel A was above 1 100°C. While, in Nb added Steel B which contains small amounts of Al and N, or in Steel C in which both NbC and A1N can precipitate in certain conditions, the optimum predefor- (wt%) 
Transactions ISIJ, vol. 27, 1987 mation temperatures were significantly lower than that of Steel A, i.e., 1 000 or 1 050°C. It should be noted that the improvement on ductility decreases with raising the predeformation temperature above the optimum value, and that the effect cannot be obtained when the predeformation temperature is lower than 950°C. The effects of strain and strain rate in the predeformation on ductility improvement were considerable as in Fig. 3 . Steel C specimens were predeformed at 1050°C during cooling. Marked ductility improvement was observed in the specimens predeformed at higher strain rate above 10-2 s-1. Increase in the amount of prestrain, of course, increased the ductility. Figure 4 shows the effect of prestrain on the ductility of the specimens predeformed at 1050°C at =1.6 x 10-2 s-1. It is interesting to note that the ductility was improved effectively by a small prestrain of 5 % and the effect almost saturated above 10 %. The ductility improvement due to predeformation was also observed in the specimens predeformed at a lower temperature and held at higher temperatures as in Fig. 5 . The Steel C specimens were predeformed to 20 % at 800°C at =1.6x 10-2 s-1 and held for 5 min at various temperatures. Although the ductility slightly decreased due to precipitation hardening when held at 1000°C, it was significantly improved by holding at temperatures higher than 1 100°C. Figure 6 shows the effect of holding time at 1 200°C on the ductility of the specimens pre- 2. Fractography Figure 7 shows the effect of predeformation on the 
fracture surface of Steel A specimens ruptured at 800°C at =0.83x 10_3 s-1. In the specimens directly cooled to the final deformation temperature, the intergranular fracture mode of austenite was predominant as in Fig. 7(a) . The detailed examination showed that the fracture mode was intergranular ductile arising from plastic deformation of thin soft layers along the grain boundaries. While in the specimens predeformed in the cooling process, considerably large fraction of transgranular ductile fracture was recognized as in Fig. 7(b) . A similar effect of the predeformation in Nb-added Steel C is shown in Fig. 8 .
Metallography
Since ductility depends largely on the grain size in the case when the predominant fracture mode is intergranular,11,12,15~ it is important in the present study to examine whether the grain size changes with the predeformation or not. Figure 9(a) shows the microstructure on the longitudinal cross section close to the fracture surface of Steel C specimen fractured at 800°C at s =0.83x 10-3 s-1 after cooling directly from the solution treatment temperature of 1 300°C. Prior r grain boundaries are revealed by grain boundary allotriomorphs of ferrite. The r structure is coarse and of about 0.5 mm in average diameter. Sharp cracks initiating along the boundaries were also recognized as indicated by an arrow. Figure  9 (b) shows the microstructure of the specimen deformed up to 20 % at 1 100°C at =1.6 X 10-2 s-1 during cooling from the solution treatment temperature and cooled to 800°C at a rate of 0.5°C/s. Although the r grains were slightly elongated in the tensile direction by the predeformation, any grain refinement due to recrystallization could not be recognized, remaining coarse structure. Even in Al-killed Steel A, any grain refinement could not be observed in any conditions examined. Figure 10 shows TEM micrographs of Steel C specimens fractured at 800°C at &=0.83x 103 s-1 after various thermo-mechanical histories. The thin foils for the TEM observation were prepared from the regions close to the fracture surfaces.
When the specimen was fractured after direct cooling without predeformation, a number of small particles of 4 nm in the average diameter dispersed within the matrix ruptured at as in Fig. 10(a) . The photograph is a weak beam dark field image taken by using a {111} reflection of NbC particles. Although the lattice defects in the austenite cannot be seen because of the r -* a difusional phase transformation, the rows of the precipitates indicates that these particles nucleated on the dislocations introduced by the slow strain rate deformation in austenite. The detailed examinations of the small particles revealed the Moire fringes of 0.9 nm in width arising from the { 110}a//{ 111 }Nbe reflections. This fact shows that the cube/cube orientation relationship between austenite and NbC was inherited into the ferrite through Kurdjumov-Sachs orientation relationship.16~ While in the specimens predeformed at suitable conditions, much coarse precipitates were observed. In the specimen predeformed up to 20 % at 1 050°C during cooling to the final deformation temperature, the precipitates grew into 50~ 100 nm particles as in Fig. 10(b) . Much coarser precipitates were observed in the specimen predeformed at 900°C and isothermally held for 5 min at 1 200°C as in Fig. 10(c) . These coarse precipitates 
were identified as NbC particles by means of both selected area electron diffraction and energy dispersive X-ray analyses in TEM. In such specimens held at temperatures higher than 1 100°C, some amount of Nb atoms disolved into austenite grain and fine NbC particles precipitated during the slow strain rate deformation. Similar effect of thermomechanical histories on the morphology of A1N precipitation was also observed in Al-killed steel. Figure 11 is an example of coarse A1N precipitates within the austenite matrix. The specimen was predeformed at 1 100°C at =1.6x 10-2 s-1 prior to the final deformation at 800°C at e =O.83 x 10-3 s-1.
Iv. Discussion
Hot ductility of low alloy steel austenite with coarse grains larger than 100 µm in diameter is markedly reduced by the slow strain rate deformation at temperatures ranging from r/a duplex phase to low temperature r region with significant matrix strengthening. Such a ductility loss can be explained in terms of the dynamic precipitation of carbonitrides within the matrix ( Fig. 10(a) ) as well as that on the r grain boundaries.6,7,9,11) The strain concentration within the thin soft layers along the boundaries such as PFZ's or grain boundary allotriomorphs of ferrite leads to the decohesion of the grain boundary precipitate/the matrix interfaces. Coalescence of these microvoids results in the intergranular ductile fracture as in Figs. 7(a) and 8(a) . Although the effect of the dynamic precipitation on ductility is more remarkable in Nb steels,6) the same mechanism can be applied in A1N precipitation of Al-killed steels.9) Therefore, ductility will be improved by the suppression of the dynamic precipitation of carbonitrides during the final slow strain rate deformation. For instance, the addition of small amount of Ti to Al-killed steels improves ductility.5) This is due to the trapping of nitrogen atoms as coarse TiN precipitates prior to the deformation. Such composition control, however, is not always adaptable because of toughness deterioration. Mintz and Arrowsmith demonstrated that the surface cracking of low alloy steel CC slabs decreases with reducing the cooling rate, despite that rather coarse precipitates can frequently be observed by TEM.2) This fact is in good agreement with the present results that the ductility loss is specifically caused by finely dispersed carbonitride precipitates, and suggests that ductility improvement due to slow cooling arises from the depletion of carbon and/or nitrogen atoms due to the precipitate growth in the process 6) Such ductility improvement by slow cooling was also obtained in the hot tensile test (Fig. 1) and much accelerated by the predeformation during the cooling process. As a result, the fracture mode changed into transgranular ductile as in Figs. 7 and 8. It should be noted that the number of dimples decreased significantly by this treatment, indicating the growth of the precipitates. If these morphology control of carbonitrides is possible in practical operation, surface cracking may be efficiently suppressed.
In order to improve the ductility, of course, it is important to choose suitable condition in thermomechanical treatment for each steel, i.e., the specimen predeformed at temperatures around 1 100 1 000°C should be cooled at a rate slower than 0.5°C f s to the deformation temperature so that the precipitates grow into coarse particles during cooling. If the predeformation temperature is too high, since the strain which is necessary for the nucleation of the precipitates is easily restored before reaching the precipitation temperature, the improvement cannot be obtained. The effect of strain rate in the predeformation on the ductility improvement is of interest. With decreasing the strain rate the ductility improvement decreases. This can be explained in terms of carbonitride dispersion, i.e., the dynamic precipitation of carbonitrides during the predeformation yields fine and quite homogeneous dispersion of the precipitates and the coarsening of them is significantly suppressed in the final deformation process. Although increasing the amount of prestrain improves the ductility, it should be noted that the effect is almost saturated with 10 % strain as in Fig. 4 . This shows that the effect does not arise from the r grain refinement due to recrystallization but from the coarsening of the precipitates, i.e., though the grain refinement improves ductility by the suppression of intergranular fracture,11,12,15) 5 or 10 % strain is too small for the occurrence of recrystallization.
In fact, the grain refinement due to the recrystallization was not observed in any cases examined. On the contrary, if the predeformation temperature is too low, although the precipitation is much accelerated, it is difficult to coarsen the precipitates in the subsequent cooling process. The optimum predeformation temperature for the ductility improvement is different for each steel (Fig. 2) . This can be explained in terms of carbonitride precipitation behavior, 14, 17, 18) The coarsening of the precipitates can be achieved by the predeformation at lower temperatures around 900°C, if the specimens are reheated at higher temperatures around 1 100°C as in Fig. 6 . The NbC precipitates introduced by predeformation at lower temperatures can grow into extremely large particles of several hundreds nm in diameter by the subsequent heating ( Fig. 10(c) ). In this case too long isothermal holding lowers the ductility, because the amount of solute Nb increases again with the dissolution of NbC.
V. Conclusions
Effects of thermo-mechanical histories on the ductility at 800°C in low carbon low alloy steels have been investigated by means of hot tensile test in relation to surface cracking of continuously cast slabs. The results obtained are as follows :
(1) The ductility of the specimens directly cooled to the deformation temperature is largely reduced by the slow strain rate deformation especially in Nb steels because of the dynamic precipitation of carbonitrides such as NbC and/or A1N within the matrix as well as on the grain boundaries.
(2) By decreasing the cooling rate or by the isothermal holding at temperatures around 1 100°C, the ductility is significantly improved and the fracture mode changes from intergranular to transgranular ductile, because the static precipitation and the growth of carbonitrides particles occur in these processes. This, however, takes extremely long time in the conventional continuous casting process.
(3) Predeformation during the cooling largely accelerates this phenomenon, and the marked ductility improvement is attained within a short time applicable for the conventional CC process.
(4) In order to obtain the large ductility improvement, suitable conditions of predeformation and thermal history for each steel should be chosen. In the case of continuous cooling, the predeformation larger than 5 % should be applied at temperatures around 1 050°C at strain rates larger than 10-2 This can be explained by carbonitrides precipitation behavior. The ductility of the specimens predeformed at lower temperatures can also be improved by employing the subsequent reheating process.
(5) Although the ductility could be improved by the grain refinement due to the recrystallization, it is quite difficult to recrystallize coarse r grained structures such as that of as-cast steels.
